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ABSTRACT
Aims. We present an open-access database which includes a synthetic catalog of black holes (BHs) in the Milky Way, divided into
components: disk, bulge and halo.
Methods. To calculate evolution of single and binary star we used updated population synthesis code StarTrack. We applied a new
model of star formation history and chemical evolution of Galactic disk, bulge and halo synthesized from observational and theoretical
data. This model can be easily employed for farther evolutionary population studies.
Results. We find that at the current moment Milky Way (disk+bulge+halo) contains about 1.2 × 108 single black holes with average
mass of about 14 M and 9.3 × 106 BHs in binary systems with average mass of 19 M. We present basic statistical properties of BH
population in three Galactic components such as distributions of BH masses, velocities or numbers of BH binary systems in different
evolutionary configurations.
Conclusions. The metallicity of stellar population has a significant impact on the final BH mass due to the stellar winds. Therefore the
most massive single BH in our simulation, 113 M, originates from a merger of BH and helium star in a low metallicity stellar environ-
ment in Galactic halo. We constrain that only ∼ 0.006 % of total Galactic halo mass (including dark matter) could be hidden in the form
of stellar origin BHs which are not detectable by current observational surveys. We calculated current Galactic double compact objects
(DCOs) merger rates for two considered common envelope models which are: ∼ 3-81 Myr−1 for BH-BH, ∼ 1-9 Myr−1 for BH-NS and
∼ 14-59 Myr−1 for NS-NS systems. We show how DCOs merger rates evolved since Milky Way formation till the current moment
having the new adopted star formation model of Galaxy. Data files are available on our website https://bhc.syntheticuniverse.org/.
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1. Introduction
Study of Galactic black hole population is still a big chal-
lenge as BHs themselves do not emit in electromagnetic
wavelenghts, except predicted theoretically Hawking radia-
tion. However, black holes in binary systems are in some
way possible to be observed due to their interaction with
their companion, for example when star transfers mass on
the BH (https://stellarcollapse.org/sites/default/
files/table.pdf and references within). Binary system with
BH may be identified as well by measuring velocities of compo-
nents in wide binary systems (Igoshev & Perets 2019). Recently,
after constructing LIGO and Virgo detectors, double compact
object systems such as BH-BH, BH-NS,NS-NS could also be de-
tected due to the emission of Gravitational Waves (Abbott et al.
2016a,b,c, 2017a,b,c; The LIGO Scientific Collaboration et al.
2018). Unfortunately, listed methods can not be used in order to
detect single black holes, which do not interact with any other
massive physical objects. Therefore, the most promising way to
study single black hole population seems to be gravitational lens-
ing phenomenon (Wyrzykowski et al. 2016a,b). Another possi-
ble method which could allow for detection of both isolated sin-
gle and binary BHs is studying X-rays emission caused by accre-
tion from dense interstellar medium (ISM) (Tsuna et al. 2018).
However so far there was no BH detection using this method.
On the other hand, having an access to cosmological, popula-
tion synthesis simulations and theoretical stellar evolution mod-
els one may try to predict the number of Galactic black holes
in different configurations. There have been several attempts of
such studies in the past. For example a total number of Milky
Way black holes was estimated by Shapiro & Teukolsky (1983);
van den Heuvel (1992); Brown & Bethe (1994); Timmes et al.
(1996) at the level of 108 − 109. Population of Galactic BH-
BH binaries has been studied by using cosmological simula-
tions by Lamberts et al. (2018). Total number of BH-BH bina-
ries was estimated at ∼ 1.2 × 106 with the average mass 28M
per system. Massive star and double compact objects binaries
were studied using galactic evolutionary code (Vanbeveren &
Donder 2010; Mennekens & Vanbeveren 2014). Also recently
Wiktorowicz et al. (2019) predicted the number of Galactic BHs
which formed from binary star systems assuming one Galactic
component (disk) and constant star formation rates in Galaxy.
At the moment, nearly twenty Galactic stellar black holes
in binaries are observed (Casares 2007; Casares & Jonker
2014), (https://stellarcollapse.org/sites/default/
files/table.pdf and references within). Majority of them are
in X-ray binary systems, where BH draws matter from its com-
panion via an accretion disc. The average mass of those BHs
is about 7.5 M. Recently there have been discoveries of three
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black hole binary systems, based on radial velocity measure-
ments (Khokhlov et al. 2018; Thompson et al. 2019; Liu et al.
2019). However, one need to consider that such BH binary sys-
tems are possibly not representative statistical probe as they are
only a small fraction of whole Galactic BH population. Most of
Galactic BHs are hard to detect as they do not interact with com-
panion and could have had much different evolutionary history.
Therefore distributions of BH properties such as masses or ve-
locities are possibly much different than shown only by observed
binaries.
Milky Way can be divided into several main components:
bulge, disk (thin and thick disk) and halo. Those parts are differ-
ent in their structure, stellar properties (such as chemical compo-
sition), formation history or dynamics. For example in Galactic
disk one may find young stars with high metal content, while
Galactic halo is rather dominated by old and metal poor stars.
In simulations we need to take into account metallicity and age
distributions of Galactic stellar populations based on the recent
literature as it strongly influence the course of the evolution of
single and binary star systems.
In this article we only consider evolution of isolated single
and binary stars in Milky Way. In particular we do not consider
dynamical interactions between stars in field populations. Al-
though such interactions are rare they may lead to some interest-
ing results (e.g. Klencki et al. (2017)). We also do not consider
triple or higher multiplicity stellar systems. Evolution of such
systems may lead to formation of some exotic configurations,
and may also possibly enhance BH formation (e.g., Eggleton &
Kiseleva-Eggleton (2001); Antonini et al. (2017); Arca-Sedda
et al. (2018) ), but typically fraction of stars in higher multi-
plicity systems is not too large (Duchêne & Kraus 2013; Ragha-
van et al. 2010). Finally, we also do not consider here Galactic
globular clusters (GCs). As shown by cosmological simulations
(Kravtsov & Gnedin 2005) or by measuring the mass to light ra-
tio M/L (Kruijssen & Mieske 2009), the total mass of Galactic
GCs is only about ∼ 0.005 - 0.01 % of the Milky Way stellar
mass.
Our main motivation was to create an open-access database
which contain basic statistical properties of BHs in the Milky
Way. Such a catalog may be useful for observers as major part
of Galactic black hole population (as it is shown by previous
and our current results) is so far undetected. In our catalog
we list most common BH configurations, BH numbers, masses
and velocities, and their place of origin. Such information may
help to guide current and future electromagnetic (e.g., Gaia) and
gravitational-wave (e.g., LISA) missions to detect large number
of BHs in Milky Way. For double compact objects (DCOs: NS-
NS/BH-NS/BH-BH) we additionally list their current merger
rates in Milky Way (or similar galaxies) as they may be of some
importance for LIGO/Virgo missions.
2. Method
To calculate evolutionary scenarios of star systems we used
updated population synthesis method implemented in StarTrack
code. Currently the code allows to simulate single star as well as
a binary system evolution for a wide range of initial conditions
and physical parameters. Physics formulas and methods imple-
mented in StarTrack code have been expanded and updated over
the years (Belczynski et al. 2002, 2008, 2017).
2.1. Initial conditions
For initial mass of the single star we adopted 3-broken power-
law initial mass function (IMF) from Kroupa et al. (1993) how-
ever we calibrated power-law exponent α3 to match observations
for massive stars as proposed by Kroupa (2002) :
α1 = −1.3 for M ∈ [0.08, 0.5] M
α2 = −2.2 for M ∈ [0.5, 1.0] M
α3 = −2.3 for M ∈ [1.0, 150.0] M
We apply calibrated IMF for both single stars and primaries
(more massive) stars in binary systems. Mass of the secondary
(less massive) star of binary system (M2) is the mass of the more
massive star (M1) from IMF multiplied by mass ratio factor q
from uniform distribution in the range q ∈ [0.08/M1, 1].
To generate initial semi-major axis of binary system we
used third Kepler law (semi-major axis-period relation). We
adopted power low distribution in log(P) in range log(P[days])
∈ [0.15, 5.5] with exponent αP = −0.55 and power-law initial
eccentricity distribution with exponent αe = −0.42 in a range
[0,0.9]. Such initial distribution of orbital parameters is taken
from Sana et al. (2012), however we adopted extrapolation of
the orbital period distribution proposed by de Mink & Belczyn-
ski (2015). These authors extended the possible period range to
log(P[days]) = 5.5 in order to match current observational data
for massive binary star systems, see the discussion in Sana et al.
(2014) and in de Mink & Belczynski (2015).
In our simulation we generated single and binary star sys-
tems with different metal contents and ages. For each of 18 stel-
lar populations of Galactic components (see Sec. 2.5) with given
age and metallicity we evolved 2.5 × 106 binary systems (pri-
mary component in mass range 5–150 M and secondary in mass
range 0.08–150 M) and 5.0 × 106 single stars (in mass range
5.0–150 M). The total simulated mass of systems generated
for each stellar population in the whole IMF mass range 0.08-
150 M is 3.1×108 M for binaries and 7.6×108 M for single
stars. We scaled linearly number of generated systems to fit the
real mass fractions and binarity of stellar populations in Galactic
components.
2.2. Physics model
In our simulation we apply standard updated StarTrack physi-
cal model. We use rapid supernovae (SN) model with explosions
driven by instabilities with a rapid growth time of the order of
10–20 ms (Fryer et al. 2012a). The model include weak pulsa-
tion pair-instability supernovae (PPSN) and pair-instability su-
pernovae (PSN) (Woosley 2017; Belczynski et al. 2016). We ap-
plied moderate weak PPSN model with only up to 50% mass
loss by Leung et al. (2019) and approximate the formula for fi-
nal post PPSN remnant mass (M f ) as a function of He core mass
(MHe) in the following way:
M f =

0.83MHe + 6.0M MHe ∈ [40.0, 60.0]M
55.6M MHe ∈ [60.0, 62.5]M
−14.3MHe + 938.1M MHe ∈ [62.5, 65.0]M
To obtain remnant natal kicks after supernovae explosion we
used Maxwellian velocity distribution with σ= 265 km/s (Hobbs
et al. 2006). BH velocities from Maxwellian distribution are
multiplied by a fallback factor f f b ∈ (0, 1) which is inversely
proportional to the fall-back of material after a SN explosion.
As a result we obtain both high and low natal kick velocities for
BHs.
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In simulations we adopted following mass transfer settings:
50% non-conservative RLOF and 5% Bondi-Hoyle rate accre-
tion onto NS/BH in common envelope phase (CE). In this work
we do not consider effects of rotation on stellar evolution.
In our simulation we assumed star binary fraction of 50% so 2/3
of stars in all Galactic components are formed in binary systems
and 1/3 of them are single stars, as indicated by observational
data (Gao et al. 2014; Kobulnicky et al. 2014). Chosen value
may be considered as a conservative lower limit on massive stel-
lar binarity (Sana et al. 2014). We assumed that solar metallicity
is Z=0.014 (Asplund et al. 2009).
2.3. Hertzsprung gap stars in common envelope
We calculated two CE models (marked as A and B) which repre-
sent different scenarios for binary system with Hertzsprung gap
star (HG) as a donor in the CE phase. In model B we assume
that all of such binary systems merge during CE and possibly
create a single BH. In model A we let such a system to survive
CE phase on the energy balance calculations (Webbink 1984).
Currently it is not well known which scenario operates (Ivanova
& Taam (2004)).
2.4. Mergers
Table 1. Abbreviations of object types.
Object type Abbreviation
black hole BH
neutron star NS
white dwarf WD
main sequence MS
helium star He
Hertzsprung gap star HG
asymptotic giant branch star AGB
core helium burning star CHeB
first giant branch star RGB
merger with HG star in CE CEHG
compact object (WD, NS, BH) CO
double compact object DCO
zero main sequence ZAMS
binary companion Comp
stars of types: Hertzprung gap
star, first giant branch star,
core helium burning star, early
asymptotic giant branch star
ot thermally pulsing asymptotic
giant branch star)
G
A significant part of Galactic black holes could have formed
in mergers of binary systems (Kochanek et al. 2014). The fi-
nal mass of BH formed in stellar mergers depends on compo-
nents masses and evolutionary types of merging objects. The
amount of mass ejected from the system after its coalescence
is most likely lower for dense, compact objects than for radi-
ally extended giant stars. However, stellar collisions are not well
studied yet and the final products of different merger types are
not fully understood. Observations as well as simulations of stel-
lar coalescence are made only for a limited number of object
types and usually low-mass stars which are not BH progenitors
(J. C. Lombardi et al. 2002; Tylenda & Kamin´ski 2016) or refers
to dynamical collisions in stellar clusters (Glebbeek et al. 2013).
Literature, however, indicates rather low mass loss during stellar
mergers which is up to ∼ 10 % of the system mass (J. C. Lom-
bardi et al. 2002; Lombardi et al. 2006; Glebbeek et al. 2013).
Additionally, the further evolution of the coalescence products
is not well understood. Therefore, we adopt a simple model to
estimate evolutionary types and masses of merger products. To
specify a type and structure of objects originated from different
merger types we used Table 14 (based on Tab. 2 from Hurley
et al. (2002)). The exceptions from the types indicated by the
table are two cases: first is when the merger product is defined
as 13 (NS), we classify whether a given object is a NS or a BH
based on its mass. Current observations indicate that NS mass
may be as high as 2.27+0.17−0.15M (Linares et al. 2018). Theoretical
models result in wide range of maximum NS mass: MNS,max =
2.2 - 2.9 M (Kalogera & Baym 1996). In our simulations we
adopt maximum NS mass of MNS,max = 2.5M.
The second exception are the mergers with WDs which may lead
to supernovae Ia explosion leaving no remnant behind. Our cri-
teria for supernovae Ia explosion is in accordance with the pro-
cedure in Belczynski et al. (2008).
In order to estimate the total mass of object created after coales-
cence we divide stars into four main categories: main sequence
stars (MS), giants (G), helium stars (He) and compact objects
(CO). All our abbreviations of object types are given in Table 1.
The total mass of the object formed in a merger (Mtmp) is then
calculated according to the procedure below:
– MS-MS
We take a sum of the more massive star and the fraction of
mass ( fMS = 0.8) of less massive star.
if (MMS 1 > MMS 2 ): Mtmp = MMS 1 + fMS · MMS 2
– He-He
We take a sum of the more massive star and the fraction of
mass ( fHe = 0.8) of less massive star.
if (MHe1 > MHe2 ): Mtmp = MHe1 + fHe · MHe2
– G-G
We take a sum of the more massive star and the fraction of
mass ( fG = 0.5) of less massive star.
if (MG1 > MG2 ): Mtmp = MG1 + fG · MG2
– CO-CO
We take a sum of the compact objects masses.
Mtmp = MCO1 + MCO2
– MS-He
We take a sum of mass of the He star and the fraction of
mass ( fMS = 0.8) of MS star.
Mtmp = MHe + fMS · MMS
– MS-G
We take a sum of mass of the main sequence star and the
fraction of mass ( fG = 0.5) of giant star.
Mtmp = MMS + fG · MG
– MS-CO
We take a sum of the CO mass and the fraction ( fMS = 0.8)
of MS star.
Mtmp = MCO + fMS · MMS
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– He-G
We take a sum of the helium star mass and the fraction of
mass ( fG = 0.5) of G star.
Mtmp = MHe + fG · MG
– He-CO
We take a sum of the CO mass and the mass fraction of mass
( fHe = 0.8) of He star. Mtmp = MCO + fHe · MHe
– CO-G
We take a sum of the CO mass and the fraction of mass
( fG = 0.5) of G star. Mtmp = MCO + fG · MG
Next, after determining the type and mass of the object formed in
merger by using the scheme above, if the object is not compact
(WD, NS or BH) yet we evolve it as a single star of given type
and mass with the StarTrack code. We set formed star at the be-
ginning of its given evolutionary step. Then the stellar structure
(the core and the envelope mass) is calculated with the proce-
dures given by Hurley et al. (2000); Hurley et al. (2002); Bel-
czynski et al. (2008).
2.5. Star formation rate of the Milky Way
We created a new model of star formation rates (SFR) and
metallicity distribution of stellar populations in the Milky
Way. Previously used model was not realistic as it typically
considered only one Galactic component (disk) with constant
SFR and same metallicity of all stars, usually equal Z=0.02
(e.g. in Abadie et al. (2010); Belczynski et al. (2018)). Those
assumptions are inconsistent with current knowledge about the
Milky Way. SFR is important for many reasons. For example
the number of Galactic compact objects (BHs, NSs, WDs)
scales linearly with assumed stellar mass. Formation time
of the considered stellar population may significantly affects
double compact objects merger rates because it determines what
fraction of binaries have already merged.
Metallicity of stellar populations is extremely important for
BHs, as their formation and mass depend critically on stellar
winds which in turn are a sensitive function of chemical
compostion of progenitor stars (e.g. Belczynski et al. (2010);
Mennekens & Vanbeveren (2014); Klencki et al. (2018)) We
have prepared a new model of star formation rates and metallic-
ity evolution of three Galactic components: disk (thin and thick),
bulge and halo, basing on information available in the recent
literature. Our overall model for Milky Way star formation is
shown in Figure 1, while details are described in the following
sections: for bulge see Sec. 2.5.1, for disk see Sec. 2.5.2 and for
halo see Sec. 2.5.3.
2.5.1. Galactic bulge
Galactic bulge is the central part of Galaxy with corotation radius
of ∼ 4 kpc (Gerhard 2001). In our calculation we assumed that
total stellar mass of Galactic bulge is 0.91± 0.07× 1010M (Lic-
quia & Newman (2015)). Stellar metallicity and age distribution
covers a wide range of values what is shown both by observa-
tions (e.g. Bensby et al. (2018)) and by cosmological simulations
(e.g. Kobayashi & Nakasato (2011)). To reconstruct properties of
the stellar populations in bulge we used figures from Kobayashi
& Nakasato (2011). For stars age distribution we used Fig. 6, for
stellar age-metallicity relation we used Fig. 8.
Fig. 1. Star formation rate of all Galactic components as a function of
lookback time. Current time is 0. The old SFR model (blue dotted line)
has been plotted for comparison.
We approximate metallicity and age relations in the following
way:
-half of the stars in bulge formed 10-12 Gyr ago (a formation
peak, SFR=∼2.3 M yr−1) and another half of stars formed from
10 Gyr ago to the current time with a constant star formation rate
of ∼ 0.5 M yr−1.
-star systems which are older than 10 Gyr are divided into four
equal in mass groups of metallicities: 0.1 Z, 0.3Z, 0.6Z,
1.0Z
-stellar population younger than 10 Gyr ago has high metal con-
tent, equal 1.5Z
Our model of star formation and metallicity for bulge is shown
in the Figure 2.
Fig. 2. Star formation rate and metallicity in Galactic bulge as a function
of lookback time. Current time is 0. Vertical dashed lines separate star
populations with different metallicities.
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2.5.2. Galactic disk
In our calculations we use the total mass of the Galactic disk
5.17 ± 1.11 × 1010 M estimated by Licquia & Newman (2015).
We assume that disk is divided into two main components: thick
and thin disk which had different star formation history. Stellar
populations in disk have different metal contents and ages. Thin
disk is the dominant in mass part which contains about 90% of
all disk stars (Cignoni et al. (2006)). Therefore, in our model
90% of total disk stellar mass is contained in thin disk and the
remaining 10% of mass is in thick disk.
Thick disk formed as a first and its average age has been esti-
mated for 9.6 Gyr ± 0.3 by Soubiran & Girard (2005). The con-
tribution of stars younger than 9 Gyr in thick disk is minimal as
shown by Cignoni et al. (2006). In our model stellar population
in thick disk formed with SFR = ∼ 2.5 M during a period from
11 to 9 Gyr ago and had a metal content equal 0.25Z, Fig.6 (Liu
et al. (2018)).
Star formation history of thin disk was estimated basing
on the age distribution of observed stars showed in Fig. 13 in
Casagrande et al. (2011) and results of Kobayashi & Nakasato
(2011). We approximate figures by ten star formation episodes,
which started 10 Gyr ago and last till current moment. New
episodes happen every 1 Gyr and last for ∆t = 1 Gyr with
constant star formation rate equal ∼ 5M  yr−1. Based on the
metallicity-age relation presented in Haywood et al. (2013),
Haywood et al. (2015), in the next formation episodes metal con-
tent of stellar populations increases and changes from 0.1Z to
Z with rate of ∆Z = 0.1 ZGyr−1.
Our SFR and metallicity distribution model of disk as a func-
tion of time is shown on Fig. 3.
Fig. 3. Star formation rate and metallicity of Galactic disk as a function
of lookback time. Current time is 0. Vertical dashed lines separate star
populations with different metallicities.
2.5.3. Galactic halo
Galactic halo is the most massive Galactic component. Total
mass of halo is estimated at ∼ 1012M (Wang et al. 2015; Grand
et al. 2019) but most of it is dark matter, which do not reflect or
emit electromagnetic radiation. In our simulation we considered
only the stellar mass in Galactic halo, which is a small fraction
of the total halo mass, estimated at around 2 × 109M (Morri-
son et al. 2000; Chiba & Beers 2000; Yanny et al. 2000; Siegel
et al. 2002; Bullock & Johnston 2005). To reconstruct age and
metallicity of stars in halo we used results of cosmological sim-
ulations by Kobayashi & Nakasato (2011). We approximate Fig.
6 to get a distribution of star ages for halo and Fig. 8 for star
age-metallicity relation.
We simplify those relation by dividing halo into two equal in
mass components which formed 11-12 Gyr and 10-11 Gyr ago
with respective metallicities: 0.01Z and 0.02Z and star forma-
tion rate of ∼ 0.5 M yr−1.
Model of SFR and metallicity in halo is shown on 4.
Fig. 4. Star formation rate and metallicity of Galactic halo as a function
of lookback time. Current time is 0. Vertical dashed line separates star
populations with different metallicities.
2.6. Velocities and coordinates of Galactic black holes
In our online database (https://bhc.syntheticuniverse.org/) we
give simple estimations of Galcatic coordinates and velocities
of BHs.
The coordinates of black holes were randomly selected using
formulas for stellar mass distributions in Galactic components.
For bulge and halo we used formulas given by Korol et al.
(2018). For bulge we draw the distances to the Galactic center
from the range [0-4] kpc setting parameter rb = 1.0 kpc (the
characteristic radius of the bulge), while for halo the possible
distance range is [15-30] kpc. We assume that both bulge and
halo are spherical. For black holes in Galactic disk we used ex-
pression from Li (2016). We draw distances from the range of
[2-15] kpc in order to get x and y coordinates, while coordinate
z is taken from the uniform distribution in range [-0.15,0.15] kpc,
as we assumed average disk height 0.3 kpc (Rix & Bovy 2013).
Here we set parameter rb = 2.0 kpc (the radius of the central
bulge) to get continuity between disk and bulge components.
Total velocity of a Galactic BH is a sum of the motion in
Milky Way gravitational potential and the velocity obtained dur-
ing isolated or binary evolution. In our estimation of BH speed
we considered both the rotation velocities around the Galactic
center and additional BH velocities from physical processes such
as SN explosions. Single and binary BHs could get a significant
portion of kinetic energy after SN/core collapse formation due
to asymmetric neutrinos flux release (Fryer et al. 2012b; Janka
2017). If BH is in a binary system, the whole system changes
its velocity after the first and the second NS or BH formation
(Kalogera 1996). If the velocity is high enough, binary system
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gets disrupted. Disruption of binary system may happen not only
in asymmetric SN explosions. Disruption may also be a result
of Blaauw kick (Blaauw 1961) associated with symmetric mass
loss which leads to change in mass ratio and orbital elements of
the system.
We calculated velocities of single and binary BHs after their for-
mation in three spatial dimensions, VS =[VS x,VS y,VS z].
To estimate the motion of BHs in the Milky Way potential
we used approximated form of Galactic rotational curve (Vr),
applied in other Galactic simulations (e.g. Abramowicz et al.
(2018)). The simplified rotational curve has a form:
Vr =
{
220 km/s for disk and halo
220 km/s × r/Rb for bulge
In our estimates Rb is the radius of bulge equal to 4 kpc (Ger-
hard 2001) and r is a distance from a BH to the Galactic center
generated from the bulge mass distribution (Korol et al. 2018) as
already mentioned.
In order to calculate the sum of two velocities (VS ,Vr) we gen-
erated components of vector Vr in three spatial dimensions for
bulge and halo (spherical motion) and in two dimensions for disk
(motion in plane). The total BH velocity in our results is norm
of the sum of two velocities VS and Vr in three dimensions.
3. Results
We present results of our simulations for Galactic components:
Section 3.1 for bulge, Section 3.2 for disk (thin and thick), Sec-
tion 3.3 for halo. In each of subsection one may find tables for
single and binary black holes which contain basic statistical in-
formation such as estimated number of BHs in different configu-
rations, formation channels and average masses of BHs and their
companions (for binary BHs). The abbreviation of objects types
are given in Table 1. In the tables there are always two values
which refer to two considered evolution models A and B (see
Sec. 2.3) given in order A/(B).
In the table with single black holes we include sections: sin-
gle stars, mergers and disrupted binaries which refer to BH for-
mation channel. Section single stars is for BHs which are rem-
nants of massive single stars evolution. Mergers section is for
single black holes created in the coalescence of binary system
and is divided into several rows corresponding to types of ob-
jects that have merged. The third section is for BHs from dis-
rupted binary systems. Note that in the merger section, in the
row with BH-BH systems, the entry refers to the number of sin-
gle black holes that formed in merger of two BHs while in the
section for disrupted systems, the number in the row BH-BH is
the total number of single black holes after system disruption (so
two times the number of disrupted BH-BH binaries).
In the table with binary system BHs one may find two sections:
one with double compact objects systems (BH-BH, BH-NS, BH-
WD) and one with other binary systems in which black hole
companion is unenvolved star. In table is an information about
the types of BH companion objects, estimated number of BHs in
given Galactic component and their average masses.
In Section 3.4 we constrain the amount of dark matter that could
be hidden in Galactic halo in the form of stellar origin BHs
which are are not detectable by current observation surveys .
In Section 3.10 we calculated how Galactic compact object
merger rates have changed since Milky Way formation till cur-
rent time. In Table 12 we present current Galactic merger rates
for BH-BH, BH-NS and NS-NS binary systems.
In Section 3.5 we present and discuss distribution of single and
binary BH mass in Galactic bulge, disk and halo.
In Section 3.7 we show and discuss velocity distribution of single
and binary BHs in Galactic components. In Table 11 we give BH
average speeds in bulge, disk and halo. We constrain the fraction
of BHs with speed high enough to escape from Galaxy.
On Figure 5 we show how the total numbers of single BHs
and BHs in binary systems in the Milky Way have been chang-
ing since the Milky Way formation till current time for two evo-
lutionary models A and B (Sec. 2.3).
Fig. 5. Total number of formed Galactic BHs single and binary as a
function of time. Current time is 0. Results for two calculated models A
and B (Sec. : 2.3).
3.1. Galactic bulge
We find that Galactic bulge hosts about 1.7×107 single BHs and
about 1 × 106 BHs in different types of binary systems. The av-
erage mass of single BH is 11.7/(11.3) M while average mass
of a black hole in binary system is ∼ 15.6/(15.8) M. The most
massive black holes in bulge are formed in coalescence of mas-
sive binary system (BH and massive star or binary BH system)
and they can reach value of ∼ 100 M.
Significant amount of single black holes in bulge (nearly
50%) are remains of single massive stars evolution. Average
mass of such a BH is ∼ 11.7 M. The second important origin
of single BHs are binary system mergers, especially MS-MS and
MS-He. Almost 30% of bulge single black holes are formed in
mergers and their remaining masses cover a wide range of val-
ues. The least massive single black holes originates from merg-
ers of low mass binaries such as WD-MS or WD-He. Formed
masses often fill the first observational mass gap between 3-5
M Demorest et al. (2010); Antoniadis et al. (2013); Swihart
et al. (2017); Wyrzykowski & Mandel (2019). The third main
formation channel of single BHs is disruption of binary systems
after one of BH/NS formation. Such black holes are about 20 %
of all bulge single BHs with their average mass of ∼ 10 M.
Average black hole mass in binary system is ∼ 17 M. The
majority of binary systems with BH in bulge are BH-BH systems
(80 % of binary BHs). BHs in binary systems with non compact
companion is a small fraction, about 3 % of all bulge binary BHs.
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Table 2. Single black holes in bulge
Object type Number M¯BH[M]
Single stars
Single star 8.5 × 106/(8.5 × 106) 11.7/(11.7)
Mergers
BH - BH 2.0 × 105/(2.1 × 104) 28.4/(24.8)
BH - NS 1.6 × 104/(2.5 × 103) 10.7/(12.0)
NS - NS 5, 0 × 103/(4, 9 × 102) 2.8/(2.6)
MS - MS 3.1 × 106/(3.1 × 106) 12.0/(12.0)
MS - He 2.3 × 105/(6.6 × 103) 19.0/(20.4)
MS - G 1.3 × 104/(1.2 × 104) 11.2/(11.2)
He - He 1.2 × 105/(3.2 × 104) 10.4/(8.7)
CO - MS 1.3 × 105/(1.2 × 105) 14.2/(14.4)
CO - G 2.4 × 103/(2.4 × 103) 5.0/(4.9)
CO - He 8.0 × 105/(2.1 × 105) 17.0/(5.9)
Disrupted systems
BH - BH 1.0 × 106/(1.0 × 106) 10.1/(10.1)
BH - NS 2.9 × 106/(2.8 × 106) 9.8/(9.7)
BH - WD 1.3 × 105/(1.3 × 105) 8.6/(8.6)
BH - MS 2.1 × 104/(2.1 × 104) 8.4/(8.4)
Total : 1.7 × 107/(1.6 × 107) 11.7/(11.3)
Values for both models A and B given in order: A/(B). Note
that in section with compact mergers in row BH-BH the num-
ber refers to number of single black holes that where created.
In section with disrupted systems the number in row BH-BH in-
forms about total number of single black holes after disruption
(not the number of systems).
Table 3. Binary systems with black holes in bulge
Object type Number M¯BH[M] M¯Comp[M]
Double compact object system
BH - BH 7.6 × 105/(7.0 × 105) 17.1/(17.4) −
BH - NS 3.1 × 104/(2.5 × 104) 11.8/(12.2) 1.3/(1.3)
BH - WD 2.3 × 105/(2.1 × 105) 11.7/(11.8) 1.0/(1.0)
Other binary system
BH - MS 3.2 × 104/(3.2 × 104) 11.0/(11.0) 0.7/(0.7)
BH - G 1.5 × 103/(1.5 × 103) 8.8/(8.8) 1.3/(1.3)
Total: 1.0 × 106/(9.6 × 105) 15.7/(15.9) 1.0/(1.0)
Values for both models A and B given in order: A/(B). Note that
the number in row with BH-BH systems refers to total number
of black holes (not systems).
3.2. Galactic disk
About 80% of Galactic BHs are in disk as in our simulation it is
the most massive component ( see Sec. 2.5). In both disk com-
ponents, thin and thick, there are in total ∼ 1.0 × 108 single BHs
with average mass of ∼ 14 M and about ∼ 8 ×106 black holes
in binary systems with average mass of BH ∼19 M. The most
massive black holes in Galactic disk are ∼ 100 M and they are
formed in coalescence of BH and and massive star (MS or He).
Table 4. Single black holes in thin disk
Object type Number M¯BH[M]
Single stars
Single star 4.2 × 107/(4.2 × 107) 14.3/(14.3)
Mergers
BH - BH 1.5 × 106/(1.2 × 105) 29.8/(23.3)
BH - NS 1.1 × 105/(2.4 × 104) 10.8/(11.9)
NS - NS 3.3 × 104/(2.6 × 103) 2.8/(2.6)
NS - WD 1.5 × 104/(3.5 × 103) 2.5/(2.9)
MS - MS 1.6 × 107/(1.6 × 107) 15.3/(15.3)
MS - He 1.7 × 106/(5.2 × 104) 20.2/(20.6)
MS - G 4.4 × 104/(4.9 × 104) 17.7/(16.0)
He - He 6.7 × 105/(2.3 × 105) 10.5/(8.8)
CO - MS 8.7 × 105/(8.1 × 105) 16.1/(16.5)
CO - G 1.4 × 104/(1.2 × 104) 5.2/(5.8)
CO - He 5.5 × 106/(1.6 × 106) 17.7/(5.7)
Disrupted systems
BH - BH 1.1 × 107/(1.1 × 107) 11.5(11.5)
BH - NS 1.4 × 107/(1.4 × 107) 11.6(11.6)
BH - WD 9.8 × 105/(9.8 × 105) 9.1(9.1)
BH - MS 1.5 × 105/(1.5 × 105) 9.0(9.0)
Total: 9.5 × 107/(8.8 × 107) 14.0(13.5)
Values for both models A and B given in order: A/(B). Note
that in section with compact mergers in row BH-BH the num-
ber refers to number of single black holes that where created.
In section with disrupted systems the number in row BH-BH in-
forms about total number of single black holes after disruption
(not the number of systems).
There are three main formation channels of single BHs in
Galactic disk. Around 45 % of single BHs in thin disk and in
thick disk are final remnants of massive single star evolution.
Second important channel is merger of binary systems which
leads to formation of 25-30 % of disk single BHs. BHs from
disrupted binaries are about 20 % of all disk single BHs with
average masses of ∼ 12 M.
Majority of binary BHs in disk (∼ 80 % of BH in binaries)
are in BH-BH configuration. The average mass of BH in binary
system is about ∼ 19 M. The fraction of BHs with unenvolved
companion is small, less than 2% of all disk binary BHs.
3.3. Galactic halo
Galactic halo is the least massive component in our simulation
as we considered only its stellar mass (Sec. 2.5). Majority of
halo mass are not stars, so we do not consider this mass in stellar
origin BH formation. The total number of black holes in halo is
only 4 % of all Galactic BH population, it contains ∼ 4 ×106 sin-
gle black holes with average mass ∼ 20 M and about ∼ 5 ×105
black holes in binary systems with average BH mass ∼ 24 M.
Due to the low metallicity of stellar populations, the most mas-
sive black hole in simulations, with mass of 113 M, is formed
in halo. It originates from a merger of BH and He star. Formation
channels of single black holes in halo are the same as in disk and
bulge. Over 50% of single BHs are remnants of single massive
star evolution while 20-25% formed in binary system mergers
(mainly MS+MS, MS+He and WD+He). BHs from disrupted
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Table 5. Single black holes in thick disk
Object type Number M¯BH[M]
Single stars
Single star 4.3 × 106/(4.3 × 106) 17.0/(17.0)
Mergers
BH - BH 2.5 × 105/(2.9 × 104) 30.2/(17.8)
BH - NS 1.7 × 104/(3.9 × 103) 11.8/(12.3)
NS - NS 8.3 × 102/(3.8 × 102) 2.7/(2.6)
MS - MS 1.5 × 106/(1.5 × 106) 18.9/(18.9)
MS - He 2.3 × 105/(3.3 × 103) 19.9/()
MS - G 4.4 × 103/(3.9 × 103) 17.7/(18.2)
He - He 1.3 × 105/(4.5 × 104) 10.0/(8.5)
CO - MS 1.0 × 105/(1.0 × 105) 17.6/(19.7)
CO - G 2.0 × 103/(2.2 × 103) 4.7/(5.4)
CO - He 7.4 × 105/(2.3 × 105) 19.1/(6.1)
Disrupted systems
BH - BH 8.3 × 105/(8.3 × 105) 12.8/(12.8)
BH - NS 1.3 × 106/(1.3 × 106) 13.8/(13.8)
BH - WD 8.8 × 104/(8.8 × 104) 10.3/(10.3)
BH - MS 9.0 × 103/(9.0 × 104) 10.3/(10.3)
Total: 9.5 × 106/(8.5 × 107) 17.0/(16.3)
Values for both models A and B given in order: A/(B). Note
that in section with compact mergers in row BH-BH the num-
ber refers to number of single black holes that where created.
In section with disrupted systems the number in row BH-BH in-
forms about total number of single black holes after disruption
(not the number of systems).
Table 6. Binary systems with black holes in thin disk
Object type Number M¯BH[M] M¯Comp[M]
Double compact object system
BH - BH 5.5 × 106/(4.6 × 106) 19.6/(20.9) −
BH - NS 2.1 × 105/(1.2 × 105) 12.8/(15.0) 1.3/(1.3)
BH - WD 1.2 × 106/(1.0 × 106) 14.3/(14.8) 1.0/(0.9)
Other binary system
BH - MS 1.2 × 105/(1.2 × 105) 16.4/(16.4) 0.6/(0.6)
BH - G 6.6 × 103/(6.6 × 103) 14.2/(14.2) 0.9/(0.9)
BH - HG 1.6 × 103/(1.6 × 103) 15.4/(15.4) 1.3/(1.3)
Total: 7.0 × 106/(5.9 × 106) 18.5/(19.6) 1.0/(0.9)
Values for both models A and B given in order: A/(B). Note that
the number in row with BH-BH systems refers to total number
of black holes (not systems).
binary systems are ∼ 15% of halo single BHs with their average
mass of about 17 M.
Binary black holes in halo are also mainly in BH-BH binaries
(in ∼80% of binary BHs). The fraction of BHs with non compact
companion in halo is ∼ 1.5 %.
Table 7. Binary systems with black holes in thick disk
Object type Number M¯BH[M] M¯Comp[M]
Double compact object system
BH - BH 6.5 × 105/(5.3 × 105) 21.7/(23.1) −
BH - NS 2.0 × 104/(1.4 × 104) 15.2/(15.9) 1.3/(1.3)
BH - WD 1.6 × 105/(1.4 × 105) 14.7/(15.2) 0.9/(0.9)
Other binary systems
BH - MS 1.2 × 104/(1.2 × 104) 18.1/(18.1) 0.5/(0.5)
BH - G 2.9 × 102/(2.9 × 102) 17.9/(17.9) 0.6/(0.6)
Total: 8.3 × 105/(6.9 × 105) 20.2/(21.2) 0.9/(0.9)
Values for both models A and B given in order: A/(B). Note that
the number in row with BH-BH systems refers to total number
of black holes (not systems).
Table 8. Single black holes in halo
Object type Number M¯BH[M]
Single stars
Single star 2.1 × 106/(2.1 × 106) 19.0/(19.0)
Compact mergers
BH - BH 6.2 × 104/(3.9 × 104) 41.0/(42.5)
BH - NS 7.4 × 102/(7.4 × 102) 11.7/(11.7)
NS - NS 2.5 × 102/(4.8 × 101) 2.5/(2.5)
Mergers
MS - MS 4.7 × 105/(4.7 × 105) 22.9/(22.9)
MS - He 1.3 × 105/(3.7 × 104) 26.6/(30.3)
MS - G 1.2 × 103/(1.3 × 103) 23.2/(23.6)
He - He 2.3 × 104/(2.0 × 104) 13.5/(11.7)
CO - MS 6.9 × 104/(6.9 × 104) 14.6/(14.6)
CO - G 2.2 × 102/(2.0 × 102) 11.3/(13.0)
CO - He 4.2 × 105/(2.0 × 105) 24.8/(11.0)
Disrupted systems
BH - BH 2.9 × 105/(1.2 × 105) 16.8/(15.0)
BH - NS 5.2 × 105/(2.5 × 105) 17.7/(16.0)
BH - WD 3.8 × 104/(1.8 × 104) 13.1/(12.7)
BH - MS 4.7 × 103/(4.7 × 103) 13.5/(13.5)
Total: 3.7 × 106/(3.2 × 106) 21.0/(19.9)
Values for both models A and B given in order: A(B). Note
that in section with compact mergers in row BH-BH the num-
ber refers to number of single black holes that where created.
In section with disrupted systems the number in row BH-BH in-
forms about total number of single black holes after disruption
(not the number of systems).
3.4. Dark matter in stellar origin BHs
There have been several microlensing surveys towards halo in
order to search for and constrain the amount of massive compact
halo objects (MACHOs) which may constitute part of dark mat-
ter (Alcock et al. 2001). The presence of MACHOs with mass
over 20 M can not be excluded by observations (Tisserand et al.
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Table 9. Binary systems with black holes in halo
Object type Number M¯BH[M] M¯Comp[M]
Double compact object system
BH - BH 3.7 × 105/(3.7 × 105) 25.0/(25.0) −
BH - NS 1.1 × 104/(1.1 × 104) 21.4/(21.4) 1.3/(1.3)
BH - WD 7.0 × 104/(7.0 × 104) 20.5/(20.5) 1.0/(1.0)
Other binary systems
BH - MS 7.7 × 103/(7.7 × 103) 21.6/(21.6) 1.0/(1.0)
BH - G 1.8 × 102/(1.8 × 102) 22.0/(22.0) 0.6/(0.6)
Total: 4.6 × 105/(4.6 × 105) 24.2/(24.2) 1.0/(1.0)
Values for both models A and B given in order: A(B). Note that
the number in row with BH-BH systems refers to total number
of black holes (not systems).
2007; Wyrzykowski et al. 2011) as current microlensing surveys
do not cover long enough timescale to detect such massive ob-
jects. On the other hand, the existence of wide binary systems in
halo indicates the absence of MACHOs with masses larger than
∼ 100 M. Observed binaries would likely get disrupted in in-
teraction with objects with such a large mass (Yoo et al. 2004;
Monroy-Rodríguez & Allen 2014). Those two restrictions give
us the recent upper and lower limit on MACHOs mass range
which existence cannot be excluded by current observational sur-
veys (Bird et al. 2016).
We calculated fraction of mass in Galactic halo hidden in the
form of stellar origin black holes in the mass range of 20-100
M. The total mass of such BHs is ∼ 6.2 ×107 M, which could
constitute only ∼ 0.006 % of total Galactic dark matter mass
which is of the order of ∼ 1012M (Wang et al. 2015; Monari
et al. 2018; Grand et al. 2019).
3.5. Mass distribution
In Figures 8 and 9 we present distribution of single and binary
BHs masses for two considered evolutionary models A and B
and three Galactic components: bulge, disk and halo. Mass dis-
tribution for single and binary BHs is very different. Average
mass of a BH in a binary system ∼ 19 M is larger than for sin-
gle BHs with average mass of ∼ 14 M. The difference in aver-
age mass of single and binary BHs is mainly due to our adopted
natal kick distribution, in the less massive remnant (BH/NS) the
higher velocity it gets. This results in disruption of many low
mass binaries during BH/NS formation. Note that in all Galactic
components mean BH mass in binary BH-BH system is larger
than a mass of BH from distrupted BH-BH systems (see Tab: 2,
3, 4, 5, 6, 7, 8, 9). Also because of assumed natal kick distribu-
tion, BHs in binary system are mainly in BH-BH systems (80 %
of Galactic binary BHs).
The distributions of single BH masses in all Galactic com-
ponents (disk, bulge and halo) have a peak near 10-15 M and
above that mass the number of BHs systematically decreases and
reaches zero in different mass limits depending on Galactic com-
ponent (note log scale). In halo, the decrease of the number of
BHs along with mass is less steep than in bulge or disk. The av-
erage single BH mass in halo (∼ 17 M) is larger than in other
components (bulge and disk ∼ 12-13 M). The occurrence of
more massive BHs is due to the lower stellar metallicity (Bel-
czynski et al. 2010) which is associated with less weight loss
from massive stars due to stellar winds. The range of possible
single BH masses (∼ 2.5-113 M) is wide as significant num-
ber of single BHs originate from binary system mergers (∼ 20-
30 %), which could be both low mass (the final BH mass close
to max. NS limit) and high mass. Average mass of BHs of all
merger types is similar to other formation channels. However,
note that BHs from mergers widen the range of possible BH
masses above PPSN limit and fill the first and second mass gap
(merger of massive black hole with its binary companion). The
first mass gap (Demorest et al. 2010; Antoniadis et al. 2013; Swi-
hart et al. 2017) between 3-5 M.is filled by black hole masses
formed mainly in coalescence of WD and He/MS stars. We as-
sume that merger of WD and a massive star leads to the collapse
to a BH/NS. As we mentioned before, single BHs are hard to
detect so the presence of black holes in the mass gap is not in
tension with observations (Wyrzykowski & Mandel 2019). The
second mass gap is filled mainly by mergers of BH+He, BH+MS
stars and BH-BH. In both bulge and disk the largest achieved BH
mass is ∼ 100 M while in halo it is over 110 M.
To check the impact of the adopted criterion for estimating
the masses of objects formed in mergers (on for example forma-
tion of objects in the first and second mass gaps), we tested two
alternative simplified methods. In the first method we set factors
which define fraction of accreted mass of the merging compan-
ion (see fMS , fG, fHe Sec. 2.4) to zero so we do not allow for
accretion from the second object. In the second method, the fac-
tors were set to 0.5 so we assumed accretion of a half the mass
of the companion. Note that for double compact object mergers
we made an exception and took a sum of merging objects with-
out any mass loss. The distribution of BH masses for the non-
accretion and half-accretion cases, for two CE models A and B
are shown in the Figures 10, 11, 12, 13.
In general the use of different methods did not have large
impact on the average single black hole masses in Galactic com-
ponents, especially considering evolutionary model B. However,
one may notice a significant reduction in the number of low mass
black holes below 5 M(first mass gap) in the results for non-
accretion model (f=0.0, Fig. 10 and 11). In three tested mod-
els (standard, f=0.0 and f=0.5) both mass gaps are filled by the
products of mergers. However the number of BHs in first and
the second mass gap strongly depends on the assumed accre-
tion factor f. Note that in the non-accretion model objects in the
second mass gap are only products of double compact object
mergers while in the other two models, BHs with masses over
PPSN limit could have formed for example in BH and MS or
BH and HE star coalescence. The average single BH masses for
the three tested mass estimation models are given in the Table
10. Due to the reduction of accretion of matter during merger
also the total number of single BHs is the lower the smaller ac-
cretion factor f is assumed. The total number of single BHs was
reduced by about 20 % for non-accretion model and about 1 %
for the model with half-accretion in comparison to our standard
model described in Section 2.4.
The range of possible binary BH masses is narrower than for
single black holes. The upper limit on binary BHs mass (∼ 50-60
M ) is similar in all Galactic components: disk, bulge and halo
and it is a result of two physical processes: stellar winds (Bel-
czynski et al. 2010)) and pair-instability limit (Leung et al. 2019;
Woosley 2017). The upper limit is consistent with the second
observational mass gap. Also the first mass gap is reconstructed
for binary BHs due to the adopted rapid SN model (Fryer et al.
2012a). However, there is a narrow, isolated peak near a range of
2.5-3 M (close to max. mass of NS). The peak is made of black
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Table 10. Average single BH masses in Galactic components: bulge,
disk and halo. Results for two models A and B in the order A(B), see
Sec. 2.3. The results for three methods of mass estimation of objects
formed in mergers. The M is the standard method described in Sec.
2.4. M f=0 and M f=0.5 are models with zero and half accretion from the
merging companion (factors fMS , fG, fHe are 0 or 0.5)
M[M] M f=0[M] M f=0.5[M]
Bulge 11.7(11.3) 11.4(11.3) 11.5(11.3)
Disk 14.2(13.7) 13.7(13.7) 14.0(13.6)
Halo 21.0(19.9) 20.1(20.1) 20.3(19.6)
holes that formed in accretion of matter on the massive neutron
star from its binary companion. The fraction of BHs with un-
evolved companion (e.g. main sequence or giant star) is small,
a few percent of all binary BHs. The companion is usually a
low massive star M<1 M. More massive stars are less frequent,
especially in older stellar populations as their evolution time is
shorter than most population ages. Even if the NS interacts with
the more massive companion, the mass transfer on the NS/BH
during short-lived CE event is related to the Bondi-Hoyle accre-
tion which in our model is rather inefficient (see Sec. 2).
3.6. Separation and eccentricity of BH binary systems
In our database we include orbital parameters (separation and ec-
centricity) of all binary systems which contain a black hole. Dis-
tribution of systems separation in Galactic components (bulge,
disk, halo), for CE model A (top) and B (bottom) is plotted
in Figure 14 (log-log scale) and covers wide range from a few
R to 108 R. Average separation is different in Galactic com-
ponents, in bulge it is ∼ 8.8 × 104(9.4 × 104) R, in disk
∼ 6.4 × 104(7.4 × 104) R while in halo ∼ 3.9 × 104(3.9 × 104)
R.
Distribution of BH systems eccentricities in Galactic compo-
nents is shown in Figure 15, for model A (top) and model B (bot-
tom). It is dominated by low eccentricities, with high peak near
0-0.1. The average eccentricity of BH binary systems is similar
in all Galactic components and is in the range of [0.15 − 0.18].
Note that components in wide binary systems did not ex-
change mass during the evolution and the orbit was only affected
by wind mass loss, magnetic braking or gravitational waves
emission.
3.7. Velocity
In Figures 16 and 17 we plotted a distribution of a single and a
binary black hole velocities for the two considered models A and
B (see Sec.2.3) and three Galactic components: bulge, disk and
halo. With the red, dashed line we marked the velocity equal 580
km/s which is an estimated value of the local Galactic escape
speed at the Sun’s position (Monari et al. 2018). Escape speed
depends on the location in the Milky Way and can take values
from a range of ∼ 550-650 kms−1.
Average value for both single and binary BHs is similar in
given Galactic component as BHs in general do not reach high
speeds as a result of binary or single evolution. Majority of BH
velocities are close to the values which we adopted from approx-
imated form of rotation curve for a given component (2). Very
high speeds of single BHs (over 1000km/s) are rare cases (note
Table 11. Average values of BH speeds in Galactic components: bulge,
disk and halo. Results for two models A and B in the order A(B), see
Sec. 2.3
Bulge [km/s] Disk [km/s] Halo [km/s]
Single BH 140(140) 238(239) 242(246)
Binary BH 112(111) 221(221) 220(220)
log scale). However, there is a difference in the range of possi-
ble speeds of single and binary BHs. Single BHs may achieve
speeds from 0 to even ∼ 1700 km/s in model A and to 1100
kms−1 in model B. The maximum speed of BH in binary system
is ∼ 700 kms−1. This is a result of assumed natal kick distri-
bution (see Sec, 2) . NS and low massive BHs gets higher natal
kicks, inversely proportional to remnant mass. Those systems of-
ten get disrupted. BHs from disrupted binaries may achieve high
velocities and are classified as single BHs. Black holes in binary
systems are often more massive and get lower natal kicks (re-
main bound). Sporadic cases of very high speeds in model A are
low massive BHs from close binaries which got disrupted after
BH/NS formation which pass CE phase with HG donor.
In the Table 11 we present average single and binary BH
speeds for two models A and B and different Galactic bulge,
disk and halo.
We calculated that ∼ 5% of single BHs (∼ 6 × 106 ) and less
than 0.0001% of binary BHs (∼ 10) have velocities greater than
550 km/s, the lowest escape velocity from Milky Way (Monari
et al. 2018). This gives us an upper limit on the fraction of BHs
that could escape form the Galaxy in our physical model. Note
that if we would adopt natal kick model with no fallback param-
eter the fraction of BHs with very high velocities would increase.
3.8. BH binaries with non compact companion
We present parameters of our synthetic population of Galactic
BHs with non evolved binary companion, which could be MS,
G or He star. This fraction of BH systems might be especially
interesting for BH hunters as they are more likely to be detected
due the presence of visible companion. However they seem to
consist only a small fraction (less than 1% of whole Galactic
BHs).
In the Fig. 18 and 19 we plot the mass distribution of BHs (top)
and their companions (bottom) for two considered CE models
A and B and three Galactic components (bulge, disk and halo).
Mass distribution is similar for models A and B while both
BHs and their companions mass distribution varies depending
on given Galactic component. Mean masses of BHs in Galactic
components are: ∼ 16M in disk, ∼ 11M in bulge, ∼ 21M
in halo while mean masses of companion stars are ∼ 3.5M in
disk, ∼ 2.0M in bulge and ∼ 0.5 M in halo. The differences in
BH masses are mainly the effect of the metallicity, which is very
low in halo comparing with disk and bulge. The difference in
the companion masses distribution is the result of age and star
formation history of given component. We assumed that stel-
lar populations in halo formed 10-12 Gyr ago so only low mass
stars haven’t finished their evolution yet. On the other hand we
assumed presence of many young stars in disk and also some
young populations in bulge so binaries with more massive stars
are still possible to be found there. We plot orbital parameters
(separation and eccentricity) of the systems. Distribution of sep-
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arations is shown in Fig. 20 while eccentricities in Fig. 21. Dis-
tribution of separations covers wide range from a few R to 107
R and seems to be approximately uniform on log-log scale. The
eccentricities of the systems are rather low, there is a peak in the
number of systems with eccentricities 0-0.1 while the average
of all Galactic components is about 0.25. In Figure 22 we plot-
ted diagram which illustrates the relationship between systems
separations and eccentricities.
3.9. Massive BHs from MS+He mergers
Among our results we found some cases of MS+He star mergers
which can produce a star with a helium core mass below pair-
instability limit with its total mass (core + envelope) as high as
60-90 M. We assumed the naked helium star is more compact
than main sequence star and therefore the mass of the core af-
ter merger would not increase so total mass accreted from the
MS companion will create the envelope. It has been showed by
Woosley (2017) that for an ultra-low metallicity and Population
III stars the PPSN/PSN in-stability can be shifted to max. ∼ 70
M as such stars can keep massive H-rich envelopes. Consider-
ing this limit we have removed from our database BHs formed
in MS+He merger which are more massive than 70 M. How-
ever, single BHs with masses above that limit can be still created
in black hole mergers e.g. BH+MS or BH+BH mergers. Similar
scenario was considered recently by Tanikawa et al. (2019) in
the context of LB-1 formation.
3.10. Galactic merger rates
We calculated how merger rates of double compact object sys-
tems (BH-BH, BH-NS and NS-NS) have been changing since
Galactic formation till the current moment. We present results
for two models, A and B (Sec. 2.3). DCO merger rates have
been changing along with star formation and stellar metallicity
of Galactic components (see Fig. 6). In general the higher star
formation rate in the given time, the higher merger rates, as the
time-delay distribution between formation of binary system and
its merger is a steep power-low (∝ t−1)(Dominik et al. 2012).
Also the metallicty of stellar population is an important factor
which strongly influences DCO merger rates, especially for BH-
BH systems (Dominik et al. 2013; Spera et al. 2015; Dvorkin
et al. 2016). The highest BH-BH merger rates in both models A
and B occurred between 8-11 Gyr ago. The effect was caused
by a peak in SFR (Sec. 2.5) as at that time there was an inten-
sified star formation episode in bulge, the stellar population of
thick disk was forming and star formation in thin disk have al-
ready started. High BH-BH merger rates were also caused by
low metallicity of stars forming in this period. In both models
BH-BH merger rates are going down with time but in model B
rates decrease more dramatically. In higher metallicity, due to
increased mass loss in stellar winds, binary systems evolve in
a such way that HG star is more often a donor in common en-
velope phase. These systems are then eliminated from a binary
system population (see Sec. 2.3).
Merger rates of BH-NS and NS-NS systems did not change so
much with Galaxy formation and metallicity as rates for BH-
BH systems. Lower metallicity slightly lowers NS-NS merger
rates but this effect was compensated by more intensive SFR
episodes in early ages (8-11 Gyr). Because in standard physical
model we assumed natal kicks with high σ=265 km/s (see Sec.
2.2) and fallback factor inversely proportional to mass, many low
mass compact object binary systems get disrupted by SN explo-
Fig. 6. Merger rates of double compact object binaries (BH-BH, BH-
NS, NS-NS) as a function of time since Big Bang. Results for new
Galactic SFR and chemical evolution model (Sec. 2.5) and two evo-
lutionary models A and B, see section 2.3. Current time is 0.
sion/core collapse. Those disruptions decreased compact object
merger rates, especially for NS-NS systems. Our rates for dou-
ble compact object systems mergers can be compared with the
results for other implemented physical models for wide range of
natal kick distributions, common envelope efficiency parameters
or mass fraction ejected during RLOF which are presented in
for example: Tutukov et al. (1992); Abadie et al. (2010); Voss &
Tauris (2003); Belczynski et al. (2018).
For comparison we present merger rates evolution and current
values for old, simplified Galactic SFR and chemical evolution
model (Fig. 7). The previous model assumed only one Galactic
component (disk) with mass 3.5 × 1010 M. The SFR was con-
stant during 10 Gyrs (3.5 M/year) and all stars were formed
with same metallicity equal Z=0.014.
In the Tab. 12 we present current Galactic merger rates of BH-
BH, BH-NS and NS-NS systems per Myr−1 for two considered
CE models A and B. For comparison we also calculated current
merger rates for old SFR and metallicity distribution model of
Milky Way (Sec. 2.5). Merger rates for the old model are in gen-
eral lower than for the new model for all types of DCO systems.
The most significant difference is in the case of BH-BH systems
for which current rates (in model B) are one order of magnitude
lower for the old model.
We calculated the fractions of current Galactic double com-
pact object systems that will merge in Hubble time (in next 14
Gyr). Percentage fraction such systems for two considered evo-
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Fig. 7. Merger rates of double compact object binaries (BH-BH, BH-
NS, NS-NS) as a function of time since Big Bang. Results for old Galac-
tic SFR and chemical evolution model and two evolutionary models A
and B, see section 2.3. Current time is 0.
Table 12. Current Galactic merger rates for new and old Galactic SFR
and chemical evolution models. Results for evolutionary model A and
B are given in order A/(B) (see Sec. 2.3)
System type New SFR model Old SFR model
[Myr−1] [Myr−1]
BH-BH 81.1/(3.1) 36.2/(0.3)
BH-NS 8.5/(0.7) 2.3/(0.2)
NS-NS 59.0/(14.1) 46.9/(12.9)
lution models given in order A/(B) is: ∼6%/(1%) for BH-BH,
∼13%/(6%) for NS-NS and ∼16%/(2%) for BH-NS systems.
Note that star formation is still taking place in some parts of the
Milky Way so number of double compact object systems will
also increase. Numeric data are presented in Table 13:
We do not compare our current Galactic results with
LIGO/Virgo estimates since to calculate cosmic merger rate of
DCO one needs to take into account entire cosmic star formation
rates SFR(z) and metallicity distribution Z(z) as a function of
redshift. However, such calculation for StarTrack physical mod-
els (including presented in this work) were carried out in Bel-
czynski et al. (2017), Sec. 3.2 noting full agreement with BH-
BH, BH-NS and NS-NS LIGO/Virgo estimates.
Table 13. Number of current Galactic double compact systems that
will merge in time shorter/longer than Hubble time (THub). Results for
model A and B, see section 2.3 and new SFR and metallicity distribu-
tion model2.5
System type Merger time < THub Merger time > THub
BH-BH 1.8 × 105/(1.7 × 104) 3.4 × 106/(2.5 × 106)
NS-NS 6.1 × 104/(2.9 × 104) 4.7 × 105/(3.5 × 105)
BH-NS 3.9 × 104/(2.9 × 103) 2.4 × 105/(1.3 × 105)
4. Conclusions
We present population synthesis statistical estimates of the cur-
rent Milky Way black hole population properties. We used the
most current version of the StarTrack code with standard physics
(Sec. 2) and processed the data with the new star formation rates
and metallicity distribution model of our Galaxy, based on theo-
retical models and observations. We show results for two mod-
els: A and B, which correspond to different scenarios of a CE
phase (Sec. 2.3). We find that:
1) At the current moment the Milky Way (disk+bulge+halo)
contains about 1.2 × 108 single black holes with average mass
14 M and 9.3 × 106 black holes in binary systems with average
mass 19 M.
2) There are three main formation channels of single BHs:
∼ 50% are remnants of massive single star evolution, ∼ 30%
formed in binary systems merger, ∼ 20% of single BHs orig-
inate from disrupted binary systems during black hole/neutron
star formation.
3) The most massive black hole in simulation comes from old,
low in metal environment of Galactic halo. It formed in BH-MS
system coalescence and its mass is as large as ∼ 113 M.
4) Black holes in binary systems constitute ∼ 10 % of the whole
Galactic BH population. Most of BHs in binary systems are in
BH-BH configuration. The fraction of black hole binaries with
non compact companion is small, about 0.3 % of all Galactic
BHs.
-We estimate how double compact object systems merger rates
(BH-BH, BH-NS and NS-NS) have changed along with the
Galaxy star formation. Current Galactic merger rates depend on
model and they are estimated at ∼ 81/3 Myr−1 for BH-BH, ∼ 9/1
Myr−1 for BH-NS and ∼ 59/14 Myr−1 for NS-NS systems.
5) We constrain that only ∼ 0.006 % of total Galactic halo mass
(including dark matter) could be hidden in the form of stellar ori-
gin BHs which are not detectable by current observational sur-
veys
6) Only ∼ 5 % of single BHs and 0.001 % of binary BHs have
enough high velocities to escape from Galactic potential.
It is worth to mention that due to our assumption on binary
fraction Sec. (2.2) and orbital seperation (Sec. 2.1) number of
binary systems as well as system mergers could be slightly un-
derestimated.
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Fig. 8. Single (top) and binary (bottom) BHs mass distribution in three
Galactic components for model A. In model A we allow binary system
to survive CE phase with HG donor star. Mass of the objects formed in
merger estimated as explained in 2.4.
Fig. 9. Single (top) and binary (bottom) BHs mass distribution in three
Galactic components for model B. In model B we assume that CE phase
with HG star donor always leads to binary system merger. Mass of the
objects formed in merger estimated as explained in 2.4.
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Fig. 10. Single BH mass distribution in three Galactic components for
model A. In model A we allow binary system to survive CE phase with
HG donor star. Mass of the objects formed in merger estimated as a
lower limit assuming total mass loss from the second merging object
(except for two compact object mergers).
Fig. 11. Single BH mass distribution in three Galactic components for
model B. In model B we assume that CE phase with HG star donor
always leads to binary system merger. Mass of the objects formed in
merger estimated as a lower limit assuming total mass loss from the
second merging object (except two compact object mergers).
Fig. 12. Single BH mass distribution in three Galactic components for
model A. In model A we allow binary system to survive CE phase with
HG donor star. Mass of the objects formed in merger assuming 50 %
mass loss from the second merging object (except two compact object
mergers).
Fig. 13. Single BH mass distribution in three Galactic components for
model B. In model B we assume that CE phase with HG star donor
always leads to binary system merger. Mass of the objects formed in
merger assuming 50 % mass loss from the second merging object (ex-
cept for two compact object mergers).
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Fig. 14. Distribution of separation in all Galactic BH binary systems in
three Galactic components (bulge, disk, halo) and for CE model A (top)
and B (bottom).
Fig. 15. Distribution of eccentricity in all Galactic BH binary systems
in three Galactic components (bulge, disk, halo) and for CE model A
(top) and B (bottom).
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Fig. 16. Single (top) and binary (bottom) BHs velocity distribution in
three Galactic components for model A. In model A we allow binary
system to surrvive CE phase with HG donor star. With the red, dashed
line we marked the velocity equal 580 km/s which is an estimated value
of the local Galactic escape speed at the Sun’s position (Monari et al.
2018).
Fig. 17. Single (top) and binary (bottom) BHs velocity distribution in
three Galactic components for model B. In model B we assume that CE
phase with HG donor star always leads to binary system merger. With
the red, dashed line we marked the velocity equal 580 km/s which is an
estimated value of the local Galactic escape speed at the Sun’s position
(Monari et al. 2018).
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Fig. 18. Distribution of BH (top) and its companion masses (botton)
in Galactic BH binary systems with non evolved companion in three
Galactic components, for evolutionary model A.
Fig. 19. Distribution of BH (top) and its companion masses (botton)
in Galactic BH binary systems with non evolved companion in three
Galactic components, for evolutionary model B.
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Fig. 20. Distribution of separation in Galactic BH binary systems with
non evolved companion in three Galactic components, for evolutionary
model A (top) and B (bottom).
Fig. 21. Distribution of eccentricity in Galactic BH binary systems with
non evolved companion in three Galactic components, for evolutionary
model A (top) and B (bottom).
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Fig. 22. Diagram with orbital parameters - separation and eccentricity
for BH binary systems with non compact companion. Results for two
models A (top) and B (bottom).
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Table 14. Types of objects originated from different types of stellar mergers based on Table 2 from Hurley et al. (2002).
First star type k1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
0 1 1 2 3 4 5 6 4 6 6 3 6 6 13 14
1 1 1 2 3 4 5 6 4 6 6 3 6 6 13 14
2 2 2 3 3 4 4 5 4 4 4 3 5 5 13 14
3 3 3 3 3 4 4 5 4 4 4 3 5 5 13 14
4 4 4 4 4 4 4 4 4 4 4 4 4 4 13 14
Second 5 5 5 4 4 4 4 4 4 4 4 4 4 4 13 14
star 6 6 6 5 5 4 4 6 4 6 6 5 6 6 13 14
type 7 4 4 4 4 4 4 4 7 8 9 7 9 9 13 14
k2 8 6 6 4 4 4 4 6 8 8 9 7 9 9 13 14
9 6 6 4 4 4 4 6 9 9 9 7 9 9 13 14
10 3 3 3 3 4 4 5 7 7 7 15 9 9 13 14
11 6 6 5 5 4 4 6 9 9 9 9 11 12 13 14
12 6 6 5 5 4 4 6 9 9 9 9 12 12 13 14
13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 14
14 14 14 14 14 14 14 14 14 14 14 14 14 14 14 14
The numeric types are consistent with Hurley et al. (2002):
0 – main sequence star with M<=0.7 Msun (deeply or fully convective)
1 – main sequence star with M>0.7 Msun
2 – Hertzsprung gap star
3 – first giant branch star
4 – core helium burning star
5 – early asymptotic giant branch star
6 – thermally pulsing asymptotic giant branch star
7 – main sequence naked helium star
8 – Hertzsprung gap naked helium star
9 – giant branch naked helium star
10 – helium white dwarf
11 – carbon/oxygen white dwarf
12 – oxygen/neon white dwarf
13 – neutron star
14 – black hole
15 – massless remnant
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